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The  interface  atomic  structure  was  proposed  to  have  a  critical  effect  on  the  microstructure  evo¬ 
lution  during  sintering  of  ceramic  materials.  In  liquid-phase  sintering,  spherical  grains  show  the 
normal  grain  growth  behavior  without  exception,  while  angular  grains  often  grow  abnormally. 
The  coarsening  process  of  spherical  grains  with  a  disordered  or  rough  interface  atomic  structure 
is  diffusion-controlled,  because  there  is  little  energy  barrier  for  atomic  attachments.  On  the  other 
hand,  kink-generating  sources  such  as  screw  dislocations  or  two-dimensional  (2-D)  nuclei  are  re¬ 
quired  for  angular  grains  having  an  ordered  or  singular  interface  structure.  Coarsening  of  angular 
grains  based  on  2-D  nucleation  mechanism  could  explain  the  abnormal  grain  growth  behavior.  It 
was  also  proposed  that  densification  process  is  closely  related  to  the  interface  atomic  structure. 
Enhanced  densification  by  carefully  chosen  additives  during  solid  state  sintering  was  explained  in 
terms  of  the  grain  boundary  structural  transition  from  an  ordered  to  a  disordered  open  structure. 
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I.  INTRODUCTION 

Microstructure  control  is  a  key  issue  in  materials  engi¬ 
neering  because  almost  all  the  material  properties  are  de¬ 
pendent  upon  their  internal  microstructures.  Therefore, 
the  microstructural  evolution  during  the  sintering  of  ce¬ 
ramic  materials  has  been  studied  extensively.  In  alumina, 
for  instance,  it  is  well  known1  that  when  pure  powder 
compacts  are  sintered,  some  grains  grow  extensively  to 
an  enormous  size  with  pores  trapped  within  those  large 
grains.  Usually,  a  limited  number  of  grains  grow  much 
faster  than  the  average,  and  this  phenomenon  is  often  re¬ 
ferred  to  as  abnormal  grain  growth  (AGG) .  A  fully  dense 
and  fine-grained  AI2O3  microstructure  can  be  achieved 
when  a  very  small  amount  of  MgO  is  added,  and  this 
subject  was  reviewed  by  Bennison  and  Harmer.2 

The  sintering  process  involves  both  densification  and 
grain  growth,  which  occur  basically  through  atomic 
movements  in  the  bulk  or  at  the  interfaces. 3-6  The  den¬ 
sification  process  is  the  replacement  of  solid/ vapor  in¬ 
terfaces  either  by  solid/solid  interfaces  (solid  state  sin¬ 
tering)  or  by  solid/liquid  interfaces  (liquid-phase  sinter¬ 
ing).  On  the  other  hand,  grain  growth  is  related  to  the 
minimization  of  total  interfacial  area  by  interface  migra¬ 
tion.  In  this  respect,  it  is  well-known  that  the  sintering  is 
an  interface  related  process  in  terms  of  the  driving  force 
and  kinetics,  dating  back  at  least  to  Herring’s  celebrated 
papers7,8  on  sintering. 

In  the  mean  time,  a  comprehensive  analysis  of  inter¬ 
faces  at  an  atomistic  level  was  performed  by  Burton, 
Cabrera  and  Frank  (BCF)9  in  1951.  They  adopted  the 
terrace-ledge-kink  (TLK)  model  to  describe  the  atomic 
structures  of  surfaces.  According  to  their  description, 
low  index  surfaces  are  atomically  smooth  at  moderate 
temperatures  and  referred  to  as  singular,  because  sin¬ 
gularities  or  cusps  are  present  at  these  orientations  in 
the  7-plot  (a  polar  diagram  where  the  length  of  the  ra¬ 
dius  vector  is  proportional  to  the  value  of  surface  energy, 
7).  A  vicinal  surface,  which  is  slightly  different  in  ori¬ 


entation  from  a  singular  surface,  consists  mainly  of  flat 
regions  called  terraces  and  widely  spaced  atomic  ledges 
with  kinks.  BCF9  proposed  that  there  should  be  a  tran¬ 
sition  of  surfaces  from  an  atomically  smooth  to  a  rough 
state  at  a  certain  temperature.  Jackson10  further  devel¬ 
oped  the  theory  of  a  roughening  transition  in  the  case  of 
solid-liquid  interfaces.  He  identified  key  parameters  that 
determine  whether  an  interface  is  atomically  smooth  or 
rough  for  a  given  material. 

Indeed,  Herring7  pointed  out  in  his  classic  paper  that 
the  interface  atomic  structure  would  have  a  critical  influ¬ 
ence  on  the  sintering  phenomena.  To  establish  the  scaling 
law  of  sintering  process,  he  assumed  that  the  interface  of 
materials  is  atomically  rough  with  isotropic  surface  en¬ 
ergy,  and  suggested  that  his  analysis  would  be  incorrect 
if  an  atomically  smooth  interface  is  considered.  How¬ 
ever,  it  is  fairly  recently  that  systematic  analyses  on  the 
role  of  the  interface  structure  during  sintering  have  been 
performed.  The  interface  structure  is  of  interest  these 
days  not  only  because  of  its  implication  for  microstruc¬ 
ture  control  but  also  because  of  its  relationship  with  the 
material  properties. 

Consideration  of  the  interface  structure  can  solve  some 
puzzling  microstructural  evolutions  that  have  not  been 
understood  clearly  before.  For  example,  AGG  of  angular 
solid  grains  during  the  liquid-phase  sintering  can  be  ap¬ 
proached  by  considering  that  the  solid/liquid  interface  of 
angular  grains  is  atomically  smooth.  On  the  other  hand, 
the  grain  boundary,  which  is  known  as  a  source  or  sink  of 
vacancies,  plays  an  important  role  in  densification  pro¬ 
cess  during  the  solid-state  sintering.  Vacancy  diffusion 
is  expected  to  depend  strongly  on  the  grain  boundary 
structure;  its  rate  would  be  much  higher  in  a  disordered 
grain  boundary  than  in  an  ordered  one.  This  concept 
may  be  applied  to  the  additive  effect  during  the  solid- 
state  sintering.  When  the  grain-boundary  structure  is 
changed  from  singular  to  rough  by  some  additives,  the 
densification  rate  will  be  enhanced. 

As  a  matter  of  course,  the  sintering  process  is  too  com- 
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plicated  to  be  described  in  terms  of  the  interface  struc¬ 
tures  alone.  The  process  also  depends  on  the  charac¬ 
teristics  of  individual  systems  such  as  atomic  bonding, 
possible  subsidiary  reactions,  phase  stability,  diffusion 
kinetics,  and  so  forth. 3-6  However,  we  try  to  focus  on 
the  interface  atomic  structure  and  its  effect  on  the  grain 
growth  and  densification  during  the  sintering  process.  In 
that  regard,  we  will  briefly  introduce  the  current  under¬ 
standing  on  interface  atomic  structures,  followed  by  re¬ 
views  and  comments  on  contemporary  works  related  to 
grain  growth  and  densification. 


II.  INTERFACE  ATOMIC  STRUCTURE 

The  interfaces  involved  in  the  sintering  process  are 
solid/vapor,  solid/liquid  and  solid/solid,  but  they  have 
many  common  features  at  an  atomistic  level.  For  exam¬ 
ple,  the  ideas  developed  for  the  TLK  model  in  solid/ vapor 
interface  (surface)  are  equally  applicable  to  the  other 
interfaces.11,12  Identical  treatment  can  be  applied,  par¬ 
ticularly  when  it  comes  to  the  solid/ vapor  and  the 
solid/liquid  interfaces.  Therefore,  both  interfaces  here¬ 
after  will  be  treated  in  a  similar  manner  and  are  simply 
referred  to  as  surfaces.  On  the  other  hand,  the  solid/solid 
interface,  more  specifically  the  grain  boundary  will  be 
treated  separately,  because  it  has  a  couple  of  distinctive 
features  from  a  structural  point  of  view.  Before  going  into 
details,  let  us  briefly  mention  how  the  interface  structure 
can  affect  grain  growth  and  densification  during  sinter¬ 
ing. 

Coarsening,  or  Ostwald  ripening  of  solid  grains  dis¬ 
persed  in  a  liquid  matrix  is  driven  by  the  capillarity  effect. 
That  is,  grains  which  are  smaller  than  average  go  into 
solution  and  the  larger  ones  grow.  During  this  solution- 
reprecipitation  process,  the  growth  of  each  solid  grain  is 
affected  significantly  by  the  surface  structure.  Since  re¬ 
versible  transfer  of  atoms  occurs  only  at  kinks,13-14  the 
kinetics  of  atomic  attachment  to  a  growing  interface  de¬ 
pends  upon  the  density  of  kinks  on  that  interface.  It  fol¬ 
lows  that  the  atomically  smooth  interface,  which  is  char¬ 
acterized  by  the  limited  number  of  kinks,  tends  to  have 
interface-controlled  growth,  and  kink-generating  sources 
such  as  screw  dislocations  or  2-D  nuclei  are  needed  for 
growth.  On  the  other  hand,  an  atomically  rough  inter¬ 
face,  which  is  characterized  by  infinite  inherent  kinks, 
tends  to  have  diffusion-controlled  growth. 

A.  Surface  Structure  Fundamentals 

It  is  now  well  established  that  the  surface  structure 
can  be  categorized  into  two  different  types;  atomically 
smooth  and  rough.  Consider  an  atomically  smooth  low- 
index  surface  (Fig.  1(a))  with  unit  normal  n  and  a  vicinal 
surface  (Fig.  1(b))  with  a  slightly  different  orientation, 
n  +  Sn,  at  a  finite  temperature.  As  long  as  Sn  is  small 
enough,  the  vicinal,  or  stepped  surface  will  show  the  same 


structure  as  shown  in  Fig.  1(a)  except  for  the  presence 
of  widely  separated  steps,  or  ledges.  In  this  case,  a  cer¬ 
tain  amount  of  excess  energy  arises  due  to  the  presence 
of  steps,  and  its  value  per  unit  length  is  referred  to  as  the 
step  free  energy,  e.  Note  that  the  steps  cannot  be  gen¬ 
erated  by  statistical  thermal  excitation.9  Therefore,  the 
surface  energy  of  a  vicinal  surface,  7  (n  +  Sn),  regardless 
of  the  sign  of  Sn,  will  be  higher  than  7  ( n )  by  an  amount 
asymptotically  proportional  to  the  density  of  the  steps.8 

Since  the  low  index  surface  has  a  local  minimum  7 
value,  the  7-plot  will  have  a  cusp  at  that  orientation 
n  8,15-20  Thjg  indicates  that  there  should  a  certain  range 
of  missing  crystallographic  orientations  around  the  cusp 
in  equilibrium  crystals. 21-24  Therefore,  when  a  crystal 
is  bounded  by  atomically  smooth  planes,  its  equilibrium 
shape  will  be  polyhedral  with  the  lowest  energy  planes. 
On  the  other  hand,  the  rough  surface  schematically  il¬ 
lustrated  in  Fig.  1(c)  is  characterized  by  thermally  gen¬ 
erated  innumerable  kinks.  When  a  crystal  is  bounded 
by  rough  surfaces,  the  surface  energy  is  isotropic  with 
no  missing  orientations.  It  is  obvious  in  this  case  that 
the  equilibrium  shape  becomes  a  sphere,  which  can  be 
considered  as  a  polyhedron  with  an  infinite  number  of 
planes. 

One  of  the  important  theoretical  achievements  made  in 
surface  physics  is  the  surface  structural  transition  from 
a  low-temperature  atomically  smooth  state  to  a  high- 
temperature  rough  one.  The  former  has  an  enthalpy- 
dominant  ordered  structure,  whereas  the  latter  has  an 
entropy-dominant  disordered  one.  In  this  approach,  the 
surface  is  considered  to  undergo  a  structural  transition 
like  a  bulk.23,25-27.  Many  studies  have  been  carried  out 
over  the  last  few  decades  on  this  subject  and  several  ex¬ 
cellent  reviews  are  currently  available.23,25-29 

The  transition  of  a  surface  structure  from  singular  to 
atomically  rough  was  not  clearly  demonstrated  experi¬ 
mentally  until  recent  observations  by  scanning  tunneling 
microscope.30-34  Note  that  the  surface  transition  has  no 
observable  heat  singularity,  which  is  a  typical  feature  of 
thermodynamic  phase  transformations.35  Furthermore, 
the  extent  of  the  transition  is  limited  to  only  a  few  atomic 
layers  from  the  surface  level.  Because  of  these  unique  fea¬ 
tures  of  the  surface  roughening  transition,  most  studies 
on  the  subject  have  been  purely  theoretical  and  have  fo¬ 
cused  on  predicting  the  transition  temperature  Tr,  above 
which  a  singular  surface  transforms  to  a  rough  one.  In 
definition,  Tr  is  the  temperature  where  e  becomes  zero. 

A  simple  theoretical  approach  to  evaluate  Tr  can  be 
described  as  follows.36  Consider  a  monatomic  zig-zag 
shaped  step  on  a  (001)  surface  of  a  simple  cubic  crys¬ 
tal  as  shown  in  Fig.  2.  The  average  direction  of  the  step 
was  chosen  to  make  45  0  angle  with  the  row  of  atoms. 
Here,  the  total  length  of  the  step  becomes  2 L,  which 
means  that  there  are  22i  configurations  available.  Thus, 
the  configurational  entropy  due  to  the  step  is  given  as 

S=  kln22L  =  2Lk\n2,  (1) 

where  k  is  the  Boltzmann  constant.  On  the  other  hand, 


3 
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(a)  singular 


n  n  +  Sn 


(b)  vicinal  or  stepped 


FIG.  1:  Schematic  illustrations  of  (a)  singular,  (b)  vicinal  or  stepped,  and  (c)  rough  surface. 


FIG.  2:  Schematic  illustration  showing  a  step  on  a  surface 
with  a  simple  cubic  symmetry. 


when  the  formation  enthalpy  of  the  step  per  bond,  ip,  is 
assumed  constant,  the  total  step  free  energy  is  given  by 

E  =  2Lip-2LkT\n2.  (2) 

The  step  free  energy  per  unit  length  can  then  be  obtained 
as  follows. 


e  =  ip-kT  In  2.  (3) 


This  equation  implies  that  e  becomes  zero  at  a  certain 
temperature,  which  is  defined  as  the  roughening  transi¬ 
tion  temperature,  Tr,  and  is  expressed  as 


Tr 


k  In  2 


(4) 


In  the  mean  time,  e  can  be  evaluated  with  respect  to 
7  using  the  TLK  model  of  a  surface  from  Fig.  1(b).  The 
energy  of  a  stepped  surface  inclined  at  an  angle  9  to  the 
low  index  surface  can  be  written  as37 

y(0)  =  70  cos  9  +  ^  sin  8.  (5) 


where  70  is  the  interface  free  energy  of  the  terrace  plane, 
h  is  the  step  height  and  l  is  the  mean  separation  distance 
of  the  ledges.  The  main  result  of  Eq.  5  is  that  a  plot  of 
7  versus  9  has  a  cusp  when  9  equals  zero  and  the  slope 
near  this  cusp  is  proportional  to  e,  i.e. 


dj{9) 

dd 


0^0 


e 

h 


(6) 


Therefore,  e  can  be  estimated  by  measuring  the  slope  of 
the  7 -9  plot  near  the  low  index  planes. 

Since  7  for  an  isotropic  spherical  crystal  does  not  vary 
with  respect  to  9,  it  is  evident  that  e  is  zero.  On  the 
other  hand,  for  angular  grains  e  should  have  a  finite  value, 
because  there  should  be  cusps  at  angles  corresponding 
to  the  crystallographic  planes  with  the  local  minimum 
values  in  j-9  plot.  In  this  case,  the  Wulff  theorem15-19 
predicts  that  if  planes  are  drawn  perpendicular  to  the 
radius  vectors  where  they  cut  the  7-plot,  the  innermost 
envelope  of  these  planes  corresponds  to  the  equilibrium 
crystal  shape.  As  a  result,  the  deeper  the  cusps  become, 
the  fewer  planes  will  appear  in  the  equilibrium  crystal. 
This  means  in  turn  that  e  is  inversely  proportional  to 
the  number  of  planes  that  bound  the  equilibrium  crystal. 
Furthermore,  we  can  predict  that  crystals  with  angular 
corners  or  sharp  edges  due  to  deeper  cusps  in  the  7 -9  plot 
have  a  higher  e  than  the  corner-  or  edge-rounded  crystals. 
Figure  3  shows  a  change  in  the  equilibrium  crystal  shape 
from  cubic  to  spherical  with  increasing  temperature  (i.e. 
with  decreasing  e.)23 

Although  the  roughening  transition  is  much  more  com¬ 
plicated  than  that  described  above,  the  linear  dependence 
of  e  on  temperature  predicted  by  Eq.  3  is  in  good  agree¬ 
ment  with  experimental  observations  except  when  the 
temperature  is  very  close  to  Tr.38  On  the  other  hand, 
Tr  is  known  to  depend  on  the  surface  orientation.36  It 
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As  temperature  increases. . . 

FIG.  3:  Change  in  an  equilibrium  crystal  shape  with  temperature  from  a  cube  to  a  sphere.  Note  that  the  change  in  the  crystal 
shape  is  related  to  the  decrease  in  step  free  energy.23 


is  generally  accepted  that  the  higher  the  crystallographic 
index  of  the  plane,  the  lower  the  Tr.  This  suggests  that 
the  rounded  edges  or  corners  of  the  crystal  shown  in 
Fig.  3  could  be  in  an  atomically  roughened  state.  How¬ 
ever,  a  recent  investigation39  on  this  subject  claims  that 
all  the  surfaces  appearing  in  the  equilibrium  crystal  have 
an  identical  Xr,  i.e.  Tr  is  independent  of  the  crystallo¬ 
graphic  orientation.  Therefore,  the  rounded  edges  or  cor¬ 
ners  of  the  crystal  shown  in  Fig.  3  are  not  in  an  atomically 
rough  state.  Instead,  the  rounded  parts  are  composed  of 
micro-facets  or  steps,  as  was  observed  experimentally.40 

So  far,  except  for  the  possible  presence  of  ledges  when 
the  surface  is  vicinal,  the  structure  of  a  crystal  surface  has 
been  considered  to  be  free  from  any  reconstructions  or 
relaxations.12  However,  the  reconstruction  process  plays 
an  important  role  in  determining  the  equilibrium  crys¬ 
tal  shape,  and  details  can  be  obtained  from  recent  works 
in  the  field  of  surface  science. 41-45  In  addition,  various 
surface  defects  such  as  dislocations  or  twins  should  be 
present  in  real  crystals.  As  will  be  shown  in  subsequent 
sections,  these  defects  have  a  critical  influence  on  the 
microstructure  developments  during  sintering.  Besides, 
the  adsorption  effect  by  the  impurity  atoms  on  the  sur¬ 
face  was  ignored  for  simplicity.  This  topic  can  also  be 
referred  to  the  previous  publications.41-45 


B.  Grain  Boundaries 

The  grain  boundaries  in  polycrystalline  materials  have 
a  certain  degree  of  complexity,  because  they  are  formed 
by  two  surfaces  of  different  orientation.  Therefore,  their 
macroscopic  characterization  requires  more  complicated 
mathematical  descriptions  than  in  dealing  with  free  sur¬ 
faces.  For  example,  eight  degrees-of-freedom  (DOFs), 
namely  five  macroscopic  DOFs  related  to  misorientation 
and  inclination  and  three  microscopic  or  translational 
DOFs  related  to  the  boundary  structure  are  necessary 
to  describe  the  grain  boundary  completely.46  Note  that 
just  a  single  DOF  of  a  surface  normal  is  needed  to  define 
the  surface  (i.e.  solid/vapor  and  solid/liquid  interfaces). 

As  was  discussed  in  the  previous  section,  the  surface 
energies  of  a  crystal  are  easy  to  determine  as  long  as  its 


reversible  facet-defacet  transition 


FIG.  4:  Schematic  illustration  showing  the  reversible  facet- 
defacet  transition  of  grain  boundary. 


equilibrium  shape  is  known.  However,  there  are  no  def¬ 
inite  and  systematic  rules  for  predicting  the  lowest  en¬ 
ergy  configuration  for  a  specific  grain  boundary  because 
they  cannot  be  treated  as  a  thermodynamic  equilibrium 
entity.  Nevertheless,  there  are  a  couple  of  general  con¬ 
sensus,  and  they  are  well-documented  in  references46,47 
and  the  citations  therein. 

First,  low-angle  grain  boundaries  can  be  represented 
by  a  periodic  array  of  edge  dislocations.48  Second,  the 
grain  boundary  energies  have  cusped  minima  at  certain 
misorientations,  even  when  its  composing  free  surfaces 
show  no  cusp  at  the  corresponding  orientation.49-51  Sev¬ 
eral  models  such  as  coincidence  site  lattice  (CSL)  have 
been  proposed  to  explain  those  cusped  minima  in  the 
grain  boundary  energy.  The  grain  boundary  energy  is  al¬ 
ways  smaller  than  the  related  free  surface  energy  because 
it  contains  fewer  broken  bonds  than  surfaces.52,53 

Apart  from  their  structural  complexity,  the  grain 
boundaries  are  also  known  to  undergo  a  structural  tran¬ 
sition  from  singular  to  rough.54-57  as  shown  schemati¬ 
cally  in  Fig.  4.  The  enthalpy-dominant  facet  structure 
is  ordered  and  compact  whereas  the  entropy-dominant 
defacet  structure  is  disordered  and  open.  The  vacancy 
diffusion  along  the  latter  is  expected  to  be  much  faster 
than  that  along  the  former.  Therefore,  the  pore  removal 
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rate  through  the  grain  boundaries  would  be  much  higher 
in  the  defacet  structure  than  in  the  facet  structure.  In 
some  systems  during  solid-state  sintering,  the  densifica- 
tion  behavior  changes  abruptly  by  an  incorporation  of 
a  small  amount  of  dopants.  These  phenomena  may  be 
approached  by  a  grain  boundary  structural  transition. 


III.  GRAIN  GROWTH  DURING  SINTERING 

For  the  sake  of  simplicity,  let  us  first  discuss  the  rela¬ 
tionship  between  the  interface  structure  and  grain  growth 
during  liquid-phase  sintering  i.e.  the  sintering  of  a  pow¬ 
der  compact  containing  a  small  amount  of  a  deliberately 
added  liquid-phase.  For  the  grain  growth  study,  the  spec¬ 
imen  prepared  by  liquid-phase  sintering  has  a  decisive  ad¬ 
vantage  because  only  the  solid-liquid  interface  is  involved 
particularly  when  the  dihedral  angle  is  zero.  Another  ad¬ 
vantage  is  that  the  shape  of  growing  grains  is  usually  near 
thermodynamic  equilibrium  so  that  the  interface  atomic 
structure  can  be  rather  easily  predicted.58,59  Note  also 
that  most  ceramic  products  such  as  abrasives,  capacitors 
and  magnets  are  fabricated  with  a  liquid-phase  being 
present  during  sintering.60  Furthermore,  investigations 
using  high  resolution  electron  microscopy  showed  that 
even  solid-state  sintered  ceramic  products  usually  have 
a  thin  intergranular  liquid  film  during  sintering.61,62  In 
most  ceramics,  therefore,  it  can  be  considered  that  grain 
growth  occurs  by  the  migration  of  solid-liquid  interface. 

In  the  typical  microstructure  of  liquid-phase  sintered 
materials,  solid  grains  with  a  range  of  size  distribution 
are  dispersed  in  a  liquid  matrix.  Therefore,  the  smaller 
particles  with  higher  solubility  in  the  liquid  matrix  shrink 
and  the  larger  ones  grow.  The  theoretical  aspect  of  this 
process,  usually  referred  to  as  Ostwald  ripening,  was 
rigorously  treated  in  the  classic  paper  by  Lifshitz  and 
Slyozov63  and  Wagner64;  the  treatment  is  called  the  LSW 
theory.  When  the  coarsening  process  is  controlled  by  dif¬ 
fusion  through  the  liquid  medium,  the  grain  size  distribu¬ 
tion  normalized  by  the  average  size  is  self-regulating  i.e. 
it  remains  constant  as  the  average  size  increases,  and  the 
growth  kinetics  of  the  average  grain  size  has  a  t1//3  time 
dependence.  Indeed,  the  grain  growth  process  during 
liquid-phase  sintering  such  as  W-Ni,65  Mg0-V205,66  VC- 
Co,67  and  Mo-Ni68  was  observed  to  follow  the  f1/3  law, 
as  predicted  for  the  diffusion-controlled  growth  mecha¬ 
nism.  The  growth  patterns  of  Mo  grains  revealed  by  se¬ 
vere  etching68  are  an  experimental  evidence  for  the  the¬ 
oretically  predicted  Ostwald  ripening.  In  these  materi¬ 
als,  the  normalized  grain  size  distribution  remains  con¬ 
stant  even  after  an  extensive  annealing,  i.e.  no  AGG 
was  observed  to  occur.  The  overall  coarsening  behavior 
is  in  good  agreement  with  the  LSW  or  modified  LSW 
theory.69  The  shapes  of  the  W,  MgO,  VC  and  Mo  grains 
dispersed  in  a  liquid  matrix  are  all  more  or  less  spher¬ 
ical,  which  indicates  that  their  interface  structures  are 
atomically  rough. 

On  the  other  hand,  AGG  during  liquid-phase  sinter¬ 


ing  has  been  extensively  studied  in  the  WC-Co  system, 
which  is  widely  used  for  cutting  tools.70,71  The  presence 
of  a  few  WC  grains  with  a  substantially  larger  size  than 
the  average  has  a  very  harmful  effect  on  the  strength 
of  this  material.  A  small  amount  of  TaC,  VC  or  other 
carbides  is  usually  added  to  inhibit  AGG  in  WC-Co.72 
Note  that  the  shape  of  the  WC  grains  is  angular.  In¬ 
deed,  it  is  interesting  that  AGG  has  never  been  ob¬ 
served  in  a  system  composed  of  spherical  grains  with 
isotropic  surface  energy.  In  contrast,  AGG  has  been  fre¬ 
quently  observed  to  occur  in  systems  composed  of  an¬ 
gular  grains  with  anisotropic  surface  energy.  Typical 
examples  are  Y-Ba-Cu-0  superconductor,73  ferrite,74,75 
BaTi03, 76,77  Si3N4, 78,79  SiC, 80,81  A1203, 82,83  B4C84  and 
mullite85.  The  boundaries  of  the  abnormally  large  grown 
grains  are  apparently  perfectly  straight  without  excep¬ 
tion.  In  the  NbC-Co  system,86  the  grain  growth  behavior 
changes  from  AGG  to  NGG  with  the  addition  of  boron 
which  causes  the  grain  shape  to  change  from  angular  to 
spherical.  This  strong  correlation  between  AGG  and  the 
grain  shape  provides  an  important  insight  that  the  mech¬ 
anism  for  AGG  is  closely  related  to  the  interface  atomic 
structure. 


A.  Effect  of  2-D  Nucleation  on  Coarsening 

Behavior  of  Angular  Grains  during  Liquid-Phase 
Sintering 

In  single  crystal  growth,  the  correlation  between 
the  crystal  shape  and  its  growth  behavior  has  been 
extensively  studied  and  now  well-established. 12,14,87-89 
In  analogy,  the  relationship  between  grain  shape  and 
its  growth  behavior  should  also  hold  during  sintering 
process.6,8,90-101  Spherical  grains  with  isotropic  surface 
energy  have  an  atomically  rough  interface  while  angular 
grains  with  anisotropic  surface  energy  have  an  atomi¬ 
cally  smooth  interface.  For  spherical  grains,  therefore, 
the  attachment  or  detachment  of  atoms  at  the  interface 
is  relatively  easy  so  that  the  grain  growth  process  in  a  liq¬ 
uid  matrix  is  controlled  by  diffusion.  On  the  other  hand, 
when  the  grains  are  angular  and  faceted,  the  attachment 
of  an  atom  to  the  interface  produces  excess  broken  bonds, 
which  increases  the  chemical  potential.  Therefore,  a  sig¬ 
nificant  energy  barrier  for  the  atomic  attachment  to  the 
surface  is  expected,  which  results  in  an  interface  reaction 
controlled  coarsening  process. 

Figure  5  shows  the  variation  in  the  growth  rate  of  a 
grain  or  a  crystal  as  a  function  of  driving  force.  For  the 
grains  dispersed  in  a  liquid  matrix,  the  driving  force  for 
the  growth  of  a  grain  of  size  r  is  given  by5,12,88,106,107 

AG„  =  2'ysiVm  (— —  ,  (7) 

\r*  r  J 

where  "fsi  and  Vm  are  the  solid-liquid  interfacial  energy 
and  the  molar  volume,  respectively,  r*  is  a  size  of  grains 
that  are  neither  dissolving  nor  growing.  For  spherical 
grains  having  atomically  rough  interfaces,  the  growth 
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FIG.  5:  Interface  migration  velocity  as  a  function  of  the  driv¬ 
ing  force;  the  black  line  represents  the  diffusion  controlled 
case  (continuous  growth).  Note  that  the  growth  rate  remains 
negligible  up  to  a  critical  driving  force  in  the  case  of  2-D 
nucleation  process.  When  there  are  defects  such  as  screw  dis¬ 
locations  (SD),  the  growth  rate  is  higher  than  that  of  the  2-D 
nucleation  when  the  driving  force  is  relatively  small. 102-105 


process  is  controlled  by  diffusion  and,  therefore,  all  the 
grains  larger  than  r*  can  grow,  as  is  shown  in  Fig.  5 
(continuous  growth).  On  the  other  hand,  in  the  case  of 
angular  grains  the  growth  process  is  controlled  by  2-D  nu¬ 
cleation,  which  means  that  the  growth  rate  will  remain 
almost  zero  and  increase  abruptly  when  A Gv  exceeds  a 
certain  critical  value.92,108-110  This  may  explain  AGG, 
because  only  those  large  grains  having  enough  driving 
force  can  grow  by  the  2-D  nucleation  process.  Recently, 
this  possibility  has  been  studied  not  only  experimentally 
in  various  ceramic  systems 77-79,82,86,92,111-116  but  also  by 
a  numerical  analysis.108  In  fact,  Wynblatt  et  al. 90,117  al¬ 
ready  pointed  out  that  the  “nucleation  inhibited”  growth 
of  faceted  particles  can  satisfactorily  account  for  the 
coarsening  of  platinum  particles  on  an  alumina  substrate. 
Although  they  did  not  explicitly  mention  the  AGG  be¬ 
havior,  their  works  are  believed  to  lay  the  basis  for  the 
2-D  nucleation  controlled  coarsening  process. 

As  was  previously  noted,  growth  steps  which  provide 
kink  sites  cannot  be  generated  by  thermal  fluctuations, 
but  are  the  result  of  nucleation.  Assuming  that  a  2-D 
nucleus  on  an  atomically  flat  surface  is  a  circular  disk 
with  atomic  height  h  and  radius  R ,  the  free  energy  change 
associated  with  the  nucleation  is  given  as12.88.106 

AG  =  2ttRc  -  nhR2AGv.  (8) 

Therefore,  the  energy  barrier  for  2-D  nucleation,  which 
is  given  by  the  maximum  value  of  Eq.  8,  can  be  written 
as 


A  7T€ 

20  =  hAGv 


(9) 


Since  the  nucleation  rate  is  proportional  to 
exp  (—A  G^jj/kT),  a  small  variation  in  activation 
energy  will  bring  about  a  notable  change  in  the  coars¬ 
ening  process.  In  this  regard,  AGG  may  occur  when  e 
is  relatively  high  because  only  a  few  large  grains  with 
sufficient  driving  force  can  grow.  When  e  is  low,  many 
grains  can  grow  simultaneously  so  that  a  uniform  grained 
microstructure  will  be  obtained.  In  contrast,  when  e 
is  quite  high,  a  fine-grained  microstructure  is  obtained 
because  the  overall  coarsening  process  is  limited.  Note 
that  the  variation  of  e  is  related  to  the  crystal  shape 
(Fig.  3). 

These  aspects  are  clearly  revealed  from  a  computer- 
aided  numerical  analysis  shown  in  Fig.  6.  In  this  analy¬ 
sis,  the  kinetic  roughening  is  assumed.  This  means  that 
when  the  driving  force  is  fairly  large,  the  growth  rate 
by  2-D  nucleation  becomes  identical  to  that  of  the  con¬ 
tinuous  growth.  The  other  conditions  for  analysis  are 
the  same  as  those  reported  by  Kang  et  al.los  When  the 
step  free  energy  is  10%  of  the  solid/liquid  interface  en¬ 
ergy  (e  =  O.I/17)  as  shown  in  Fig.  6(a),  many  grains  can 
grow  simultaneously,  and  a  rather  uniform-grained  mi¬ 
crostructure  will  develop.  Figure  6(b)  shows  the  typical 
microstructure  of  AGG  when  the  step  free  energy  is  equal 
to  20%  of  the  solid/liquid  interface  energy  (e  =  0.2hy). 
Finally,  when  the  step  free  energy  corresponds  to  30% 
of  the  solid/liquid  interface  energy  (e  =  0.3hy)  as  in 
Fig.  6(c),  the  growth  of  most  grains  is  significantly  in¬ 
hibited,  resulting  in  a  fine-grained  microstructure.  This 
result  shows  that  the  coarsening  by  2-D  nucleation  mech¬ 
anism  can  lead  to  AGG  when  the  value  of  e  ranges  from 
about  10  to  30%  of  the  solid/liquid  interface  energy.  It 
also  shows  that  the  grain  growth  can  be  inhibited  by  in¬ 
creasing  e,  which  can  be  accomplished  either  by  decreas¬ 
ing  temperature  or  by  adding  some  impurity  atoms.  The 
related  experimental  results  will  be  treated  later. 

It  can  be  argued  that  the  screw  dislocation-assisted 
growth  might  also  be  the  cause  of  AGG.110  Indeed,  when 
only  a  limited  number  of  grains  contain  screw  disloca¬ 
tions,  these  grains  will  grow  exclusively  over  other  grains. 
Chung  et  a/.,119,120  carried  out  a  model  experiment  us¬ 
ing  a  SrTiOa  single  crystal  with  its  top  surface  contain¬ 
ing  more  dislocations  than  the  bottom  surface.  They 
showed  that  the  growth  rate  of  the  single  crystal  towards 
a  SrTiOa  powder  compact  is  noticeably  enhanced  by  the 
dislocations  particularly  when  an  intergranular  Ti-rich 
liquid  is  present. 

As  shown  in  Fig.  3,  e  can  be  estimated  qualitatively 
from  the  shape  of  the  grains.  Choi  et  al.114  showed 
that  the  shape  of  solid  grains  in  liquid  phase  sintered 
(Nbi_xTix)C-Co  alloys  changes  from  rounded  to  sharp 
corners  with  increasing  Ti  concentration,  as  shown  in 
Fig.  7(a)-(c).  The  SEM  microstructures  of  the  three- 
dimensional  shape  of  solid  grains  shown  in  Fig.  7(a)-(c) 
were  prepared  by  selective  etching  of  the  Co-rich  liquid 
matrix  after  sintering  at  1500  °C  for  64h.  Figure  7(a)-(c) 
show  that  the  e  of  solid  grains  increases  with  increasing 
Ti  concentration. 
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(a)  ^  =  0.1  hy 


(b)  s  =  0.2 hy 


(c)  s  =  0.3 hy 


FIG.  6:  Results  of  computer-aided  numerical  analysis  on  the  microstructure  evolution  during  liquid-phase  sintering  as  a  function 
of  the  step  free  energy,  e. 


Comer  and  edge  rounded  grains  with  low  e  (Fig.  7(a)) 
showed  a  uniform  grained  structure,  as  shown  in 
Fig.  7(d).  On  the  other  hand,  grains  with  sharp  cor¬ 
ners  (Fig  7(b)  and  (c))  exhibited  AGG  (Fig.  7(e)  and 
(f),  respectively).  In  Fig.  7(e),  where  e  is  expected  to 
be  higher  than  that  of  Fig.  7(d),  only  a  few  grains  grew 
extensively,  whereas  the  growth  of  most  grains  was  in¬ 
hibited,  which  is  the  characteristic  of  AGG.  In  Fig.  7(f), 
where  e  is  expected  to  be  quite  high,  more  pronounced 
AGG  occurred  with  the  growth  of  most  matrix  grains  be¬ 
ing  inhibited.  It  should  be  noted  that  the  matrix  grains 
shown  in  Fig.  7(f)  are  much  smaller  than  those  shown 
in  Fig.  7(e).  Considering  the  matrix  grains  shown  in 
Fig.  7(d)-(f),  their  size  decreases  with  increasing  Ti  con¬ 
centration,  implying  that  the  increase  of  e  inhibits  grain 
growth.  Besides,  figures  7(d)-(f)  show  that  the  degree  of 
AGG  increases  with  increasing  e. 

A  similar  effect  of  e  on  the  degree  of  AGG  can  also 
be  found  in  the  coarsening  behavior  of  WC  grains  in  the 
Co-rich  liquid  matrix.  The  triangular-prism  shaped  WC 
grains  with  truncated  corners  were  observed  to  exhibit 
AGG  in  the  WC-Co  alloy,  as  shown  in  Fig.  8(a).  When 
VC  is  added,  however,  the  WC  crystal  shape  changes 
into  a  triangular  prism  without  corner  truncation,  and 
the  overall  grain  growth  rate  was  significantly  reduced.118 
The  shape  change  from  a  triangular  prism  with  truncated 
corners  to  that  without  truncated  corners  indicates  an  in¬ 


crease  in  e,  as  was  discussed  earlier.  Although  the  over¬ 
all  growth  rate  is  significantly  reduced  by  the  addition 
of  1  wt%  VC,  the  size  ratio  of  abnormally-growing  large 
grains  to  small  matrix  grains  increases  markedly.  This 
means  that  the  role  of  VC  is  to  increase  e,  which  retards 
the  overall  growth  kinetics  and  increases  the  degree  of 
AGG. 

On  the  other  hand,  the  nucleation  barrier  decreases 
markedly  when  2-D  nucleation  takes  place  at  the  twin- 
plane  reentrant  edge  (TPRE)  instead  of  taking  place 
on  the  defect-free  terrace. 89,121-126  During  the  sinter¬ 
ing  of  BaTiOa,  Schmelz  et  al.125  observed  that  AGG 
is  initiated  by  the  twinning  process.  They  monitored 
the  growth  of  single-  and  double-twinned  crystals,  and 
demonstrated  that  only  the  latter  could  grow  without 
limitation.  Recent  investigations  on  BaTiOs77,111  have 
shown  that  by  sintering  at  1350  °C,  for  instance,  fine 
matrix  grains  usually  less  than  ~  3/rm  are  replaced  by 
abnormally  grown  coarse  grains  of  ~  30/rm  within  a 
few  minutes.  Once  fine  matrix  grains  are  completely 
replaced  by  coarse  grains,  further  grain  growth  is  re¬ 
tarded  and  a  uniform  grain  size  distribution  is  main¬ 
tained.  However,  in  the  presence  of  a  limited  number 
of  double-twinned  grains,  AGG  was  observed  to  take 
place  again  among  those  coarse  grains.111,12'-130  This 
secondary  AGG,  which  has  been  explained  in  terms  of  a 
growth  advantage  due  to  the  TPRE,128,129  was  so  marked 


FIG.  7:  SEM  micrographs  of  (Nbi-rcTGjC  grains  and  the  microstructures  of  the  (Nbi_xTh,)C-Co  specimens;  (a)  &  (d)  are 
when  x  =  0,  (b)  &  (e)  are  when  x  =  0.1,  and  (c)  &  (f)  are  when  x  =  0.25. 114 


FIG.  8:  SEM  micrographs  of  WC  grains  after  leaching  out  Co  liquid  phase  from  (a)  WC-30Co  and  (b)  WC-30Co-lVC  (in 
wt%).  Both  specimens  were  sintered  at  1500  °C  for  72h  under  vacuum.118 


that  it  has  been  used  to  fabricate  BaTi03  single  crystals 
larger  than  a  few  centimeters.131  Furthermore,  a  very 
coarse  grained  microstructure  could  be  obtained  even  in 
a  heavily-donor-doped  BaTiOs  specimen  by  using  seed 
particles  with  a  double  twin.132  Note  otherwise  that  grain 
growth  is  significantly  limited  when  a  donor  is  added  to 
BaTi03. 133,134 

In  BaTi03,  a  grain  with  a  single  twin  does  not  grow 
perpetually  because  the  reentrant  edges  are  closed  during 
grain  growth.  In  the  case  of  Pb(Mg1/3Nb2/3)03-PbTi03 
(PMN-PT)  ceramics. 135-141 ,  however,  the  grains  even 
with  a  single  twin  grow  preferentially  and  lead  to  AGG. 
Indeed,  AGG  occurring  during  the  sintering  of  PMN-PT 
has  been  extensively  studied  to  make  a  single  crystal  in 
a  cost-effective  way.  For  PMN-PT,  it  turned  out  that 
the  twin  characteristics  are  different  i.e.  a  contact  twin 


in  BaTi03  and  a  penetration  twin  in  PMN-PT.  Since 
the  reentrant  edges  due  to  the  penetration  twin  are  not 
closed,  it  can  continue  to  provide  a  growth  advantage 
via  TPRE.  Figure  9  shows  a  typical  morphology  of  an 
abnormally  grown  twinned  PMN-PT  grain,  and  its  de¬ 
tailed  coarsening  process  has  been  treated  elsewhere.139 

During  liquid-phase  sintering,  the  formation  of  grain 
boundaries  between  grains  in  contact  is  usually  observed 
because  the  dihedral  angle  is  not  always  zero.  As  a  con¬ 
sequence,  grain  boundary  reentrant  edges  (GBREs)  can 
be  formed.  Since  the  2-D  nucleation  barrier  at  reentrant 
edges  is  lower,  grain  boundaries  can  also  provide  a  pref¬ 
erential  growth  site  like  twins.  It  was  proposed  that  the 
entrapment  of  small  grains  into  an  abnormal  large  grain 
observed  in  TaC113  and  in  AI2O3142  is  a  consequence  of 
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FIG.  9:  Typical  morphology  of  a  twinned  PMN-PT  grain.139 


GBRE  enhanced  coarsening  processes.  It  was  shown  in 
BaTiC>3  system  that  a  seed  crystal  without  twins  can  also 
grow  extensively  up  to  as  large  as  5cmx5cmxlcm.143 
This  exclusive  growth  of  the  seed  grain  without  twins 
was  attributed  to  the  GBRE  enhanced  growth.  It  should 
be  noted  that  the  larger  the  grain  size,  the  higher  the 
probability  of  grain  boundary  formation  with  neighbor¬ 
ing  grains  and  the  higher  the  growth  rate  by  the  GBRE 
mechanism. 

On  the  other  hand,  abnormally- grown  large  grains 
in  ceramic  systems  often  have  an  elongated  anisotropic 
shape, 73,78-83,93,144  which  indicates  that  the  growth  rate 
of  planes  differs  according  to  their  crystallographic  di¬ 
rections.  For  example,  abnormally  grown  alumina 
grains  typically  show  a  hexagonal  plate-like  elongated 
shape,82,83,93,145  which  indicates  that  the  growth  rate 
of  basal  planes  should  be  lower  than  that  of  non-basal 
planes.  However,  a  liquid  film  is  almost  always  present 
at  the  flat  basal  planes  while  the  non-basal  planes  ex¬ 
hibit  wetted  as  well  as  non- wetted  boundaries.146  Re¬ 
garding  the  diffusion  through  liquid  films,  on  the  con¬ 
trary,  a  fully- wetted  basal  plane  is  expected  to  grow  faster 
than  a  partially-wetted  non-basal  plane.  Therefore,  it 
can  be  said  that  the  growth  rate  of  alumina  planes  is  not 
a  diffusion  controlled  process  but  an  interface  reaction 
controlled,  i.e.  2-D  nucleation.  As  long  as  the  GBRE 
mechanism  operates,146,147  a  liquid  film  coexisting  with 
grain  boundaries  can  migrate  much  faster  than  a  liquid 
film  without  grain  boundaries.  The  anisotropic  shape  of 
large  alumina  grains  can  be  attributed  to  the  enhanced 
nucleation  process  due  to  GBREs  at  non-basal  planes. 


B.  Revisit  to  the  Grain  Growth  Problems  in 
Alumina 

We  can  now  reappraise  one  of  the  most  famous  research 
subjects  in  ceramic  microstructure  science  i.e.  the  role  of 
MgO  during  the  sintering  of  AI2O3.  Indeed,  MgO-doped 
AI2O31  is  not  only  a  landmark  in  ceramic  processing,  but 
also  a  vehicle  for  the  testing  and  development  of  the  ce¬ 
ramic  science.  The  MgO  effect,  particularly  in  relation  to 


AGG,  has  been  a  long  term  research  topic,  which  means 
that  its  role  during  the  sintering  of  alumina  is  controver¬ 
sial. 

Since  the  suppression  of  AGG  during  the  sintering  of 
AI2O3  ceramics  by  MgO  addition  is  quite  evident,  its 
role  has  been  mainly  understood  as  a  grain  growth  in¬ 
hibitor  and  many  studies  have  been  devoted  to  under¬ 
standing  how  the  grain  boundary  migration  is  retarded. 
One  of  the  most  commonly  accepted  idea  is  the  solute- 
or  second-phase  boundary  pinning  mechanism,  as  is  well 
described  in  a  review  paper.2  It  was  also  proposed  that 
the  AGG  of  AI2O3  could  be  induced  by  an  inhomoge¬ 
neous  densification  behavior  during  sintering,  caused  by 
fluctuations  in  the  green  density.148  In  this  respect,  MgO 
can  be  regarded  as  a  microstructure  stabilizer  or  ho- 
mogenizer  that  prevents  inhomogeneous  microstructural 
development.149  When  grain  boundaries  have  anisotropic 
characteristics  in  terms  of  energy  or  mobility,  local  vari¬ 
ation  in  densification  or  pore-boundary  separation  can 
occur,  which  could  lead  to  AGG.  Note  that  the  addition 
of  MgO  has  been  found  to  narrow  the  distribution  of  the 
dihedral  angles  of  the  alumina  surface,  which  indicates 
that  the  anisotropy  of  the  surface  and/or  grain  bound¬ 
ary  energies  is  decreased  by  MgO.150 

Inhomogeneous  microstructural  development  can  also 
be  caused  by  impurities  such  as  Si02,  which  is  present 
ubiquitously  during  ceramic  processing.  Indeed,  the  pres¬ 
ence  of  those  liquid-forming  impurities,  even  in  extremely 
small  amounts,  was  determined  to  be  the  cause  of  the 
AGG  of  alumina.151,152  During  sintering,  impurities  ini¬ 
tially  segregated  at  the  grain  boundaries  are  suggested  to 
accumulate  during  grain  growth.  When  the  average  grain 
size  reaches  a  critical  value,  the  impurity  concentration 
exceeds  the  solubility  limit  and  an  intergranular  liquid 
film  emerges.  AGG  is  supposed  to  be  triggered  by  the 
appearance  of  a  liquid.  In  this  context,  Gavrilov  et  al.153 
claimed  that  the  important  role  of  MgO  in  the  sintering 
of  alumina  is  a  liquid-phase  “scavenger” .  Handwerker  et 
al .154  also  proposed  that  MgO  enhances  the  solid  solu¬ 
bility  of  liquid- forming  impurities  such  as  Si02- 

An  important  fact  which  has  not  been  considered  in 
AI2O3  sintering  is  that  almost  all  the  commercial  pure 
powders  always  have  a  small  amount  of  impurities.  Note 
also  that  the  contamination  during  usual  ceramic  pro¬ 
cessing  is  difficult  to  avoid.  A  wide  variety  and  diversity 
of  experimental  results  obtained  in  AI2O3  sintering  can 
be  understood  in  terms  of  those  uncontrolled  impurities. 
In  order  to  exclude  the  effect  of  those  uncontrollable  im¬ 
purities  and  to  make  the  alumina  sintering  as  a  single¬ 
phase  process,  Bae  et  al ,155  carried  out  experiments  using 
ultra  pure  alumina  powder  (99.999%)  and  a  sapphire  cru¬ 
cible  to  prevent  an  impurity  pick-up  during  sintering.  It 
is  interesting  to  note  from  their  experiments  that  AGG, 
which  is  known  to  occur  in  “pure”  alumina,  was  not  de¬ 
tected  even  after  the  sintering  at  1900  °C  for  5h. 

Since  then,  it  has  been  confirmed  many  times  that 
AGG  does  not  occur  even  after  the  extensive  sintering 
of  a  pure  alumina  specimen.83,146,147,156-158  Figure  10  (a) 
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FIG.  10:  Microstructures  of  (a)  pure  and  (b)  500ppm-MgO-doped  alumina  specimens  sintered  at  1650  °C  for  16h. 


shows  the  microstructure  of  a  pure  alumina  specimen  ob¬ 
tained  after  sintering  at  1650  °C  for  16h,  where  no  AGG 
occurs.  Another  important  point  to  note  is  that  the  ad¬ 
dition  of  MgO  to  pure  alumina  does  not  bring  about  a 
notable  change  in  microstructure,  as  shown  in  Fig.  10  (b). 
Therefore,  the  AGG  observed  earlier  in  ‘pure’  alumina  by 
Coble1  is  believed  to  be  the  result  of  the  ‘impure’  initial 
powder  used  at  that  time. 

Now  the  role  of  MgO,  which  prevents  AGG  during  the 
sintering  of  alumina,  may  be  attributed  to  the  change  in 
interface  structure.  Indeed,  the  vicinal  (0001)  surface  of 
alumina  was  observed  to  show  a  hill-and-valley  structure 
but  it  becomes  atomically  rough  when  heat-treated  in  an 
MgO  atmosphere.159  Besides,  the  flat  solid-liquid  inter¬ 
faces  in  the  alumina  specimens  prepared  with  an  anor- 
thite  liquid  (CaA^S^Og)  was  also  reported  to  be  curved 
when  the  specimen  was  treated  with  MgO, 156,160,161  as 
shown  in  Figs.  11.  These  results  strongly  indicate  that 
MgO  lowers  e.  With  liquid-forming  impurities  such  as 
Si02  and  CaO,  the  interface  structure  of  alumina  is  atom¬ 
ically  smooth  but  is  changed  into  atomically  rough  by 
MgO,  and  the  grain  growth  behavior  changes  from  an 
interface-reaction  controlled  to  a  diffusion  controlled  one. 

The  number  of  grains  that  can  grow  is  expected  to 
increase  rapidly  when  the  e  value  of  alumina  crystals  is 
lowered  by  MgO.  Therefore,  AGG  with  a  bimodal  grain 
size  distribution  may  not  appear.  In  this  respect,  MgO 
can  be  considered  as  a  very  effective  grain  growth  pro¬ 
moter  during  the  sintering  of  alumina.  When  its  content 
is  higher  than  200  ppm,  for  instance,  almost  all  the  grains 
can  grow  and  AGG  is  likely  to  be  suppressed.  Indeed,  the 
effect  of  MgO  is  known  to  be  noticeable  during  the  sin¬ 
tering  of  alumina  even  when  its  concentration  is  not  high 
enough  to  precipitate  spinel.  Greskovich  et  al ,162  showed 
that  the  solubility  limit  of  MgO  at  1880  °C  in  alumina  is 
175  ppm. 

When  the  e  value  of  alumina  crystals  is  lowered  by 
MgO,  it  is  further  expected  that,  with  an  extremely  small 
amount  of  MgO,  AGG  may  appear  rather  significantly  at 
an  earlier  stage  of  sintering.  In  that  regard,  Kim  et  al.163 
recently  showed,  with  an  alumina  specimen  prepared 


with  100  ppm  Si02  and  lOOppm  CaO,  that  a  significant 
AGG  occurred  in  the  100-ppm-MgO  added  alumina  spec¬ 
imen.  However,  a  rather  homogeneous  and  fine-grained 
microstructure  was  obtained  in  the  200-ppm-MgO  added 
specimen.  Dramatic  differences  in  the  microstructures  of 
the  specimen  prepared  with  0,  100  and  200  ppm  MgO 
(Figs.  12(a)-(c))  can  be  noted.  This  indicates  that  the 
number  of  abnormally  growing  grains  indeed  increases 
quite  rapidly  with  the  increase  in  MgO  concentration. 

The  well-known  homogenizing  effect  of  MgO149  on 
the  microstructural  development  of  alumina  can  also 
be  related  to  interface  roughening  by  MgO.  Note  that 
roughening  should  result  in  a  reduction  or  disappear¬ 
ance  of  the  anisotropy  in  boundary  energy  and  mobility. 
Furthermore,  an  increase  in  surface  diffusivity  by  MgO 
addition164,165  may  also  be  the  consequence  of  interface 
roughening.  Ahn  et  al.166  reported  that  the  penetration 
kinetics  of  liquid  (CaO  +  Si02)  into  the  grain  bound¬ 
aries  of  alumina  is  significantly  increased  by  MgO  ad¬ 
dition  as  a  result  of  the  roughened  boundary  structure. 
This  means  that  during  normal  sintering,  the  liquid  in 
the  MgO-added  specimen  should  distribute  evenly  at  an 
early  stage,  resulting  in  a  microstructure  homogeniza¬ 
tion. 


C.  Grain  Growth  without  Liquid  Phase 

Now  let  us  consider  the  gain  growth  during  solid  state 
sintering,  which  is  governed  by  the  migration  of  grain 
boundaries.  When  we  admit  that  grain  boundaries  have 
the  same  structural  characteristics  as  other  interfaces,  it 
is  not  surprising  that  grain  growth  behavior  is  dependent 
on  its  atomic  structure.  Indeed,  Cahn54  has  analyzed 
the  thermodynamics  of  grain  boundary  and  a  possible 
phase  transition.  Rottman167  also  suggested  that  a  grain¬ 
boundary  roughening  occurs  with  increasing  tempera¬ 
ture.  Hsieh  et  al.56  observed  a  roughening  transition  of 
grain  boundaries  of  Al  and  Au  by  using  hot  stage  electron 
microscopy  during  heating.  Furthermore,  curved  bound¬ 
aries  were  observed  to  transform  again  to  sharply  faceted 
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FIG.  11:  TEM  microstructures  of  a  liquid  pocket  at  a  triple  grain  junction  (a)  with  1%  anorthite  and  (b)  with  1%  anorthite 
and  2%  MgO;  sintered  at  1620 °C  for  lOmin.158 


boundaries  during  cooling.  An  observation  with  high- 
resolution  transmission  electron  microscopy  (HRTEM) 
showed  that  a  roughening  transition  of  grain  boundaries 
in  a  SrTiC>3  bicrystal  occurs  at  about  1550  °C. 168  In 
addition,  the  grain-boundary  structure  of  alumina  was 
observed169  to  exhibit  a  reversible  change  from  rough  to 
smooth  at  temperatures  below  about  1100  °C.  Ference 
et  al.55  showed  that  a  reversible  roughening  transition  of 
a  Cu  grain  boundary  occurs  by  the  addition  or  removal 
of  Bi  impurity. 

As  already  mentioned,  grain  boundaries  in  sin¬ 
tered  ceramics  are  rather  exception  because  the  liquid¬ 
forming  impurities  almost  always  intervene  during  pro¬ 
cessing.  However,  sintering  studies  on  AI2O3156’158 
and  BaTiOs 170-1,2  prepared  carefully  to  minimize  liquid 
phases  showed  a  critical  dependence  of  grain  growth  be¬ 
havior  on  grain  boundary  structures.  In  analogy  with  the 
liquid-phase  sintering,  AGG  was  observed  to  occur  only 
when  the  grain  boundaries  are  faceted  with  an  atom¬ 
ically  smooth  structure.  It  was  reported  that  faceted 
grain-boundaries  migrate  by  forming  steps  i.e.  by  2-D 
nucleation-like  process,  and  dislocations  were  determined 
to  play  a  major  role.173,174  Recent  HRTEM  observation 
also  confirmed  that  grain-boundary  migration  proceeds 
by  a  propagation  of  steps.175 

In  metallic  systems,  grain  growth  often  occurs  with¬ 
out  liquid  phase.  In  Fe-3%Si  alloy,  abnormally-growing 
grains,  which  are  usually  called  “Goss”,  have  a  spe¬ 
cific  orientation  of  (110)  [100]  and  make  a  strong  texture. 
Hwang  et  al 176,177  proposed  that  Goss  grains  grow  by 
solid-state  wetting  along  triple  junctions  of  neighboring 
grains.  A  solid  grain  could  wet  or  penetrate  along  grain 
boundaries  or  triple  junctions  if  the  anisotropy  of  grain 
boundary  energy  satisfies  a  wetting  condition. 


IV.  DENSIFICATION  DURING  SINTERING 

Alexander  and  Balluffi178  clearly  showed  that  grain 
boundaries  act  as  a  vacancy  sink,  and  closed  pores  at 
the  grain  boundaries  can  be  removed  via  grain  boundary 
diffusion.  When  grain  boundaries  are  rough,  kink  sites 
to  which  atoms  can  jump  and  attach  are  innumerable 
so  that  the  energy  barrier  for  the  diffusion  along  grain 
boundaries  becomes  negligible.  On  the  other  hand,  the 
diffusion  along  singular  grain  boundaries  would  be  con¬ 
siderably  sluggish,  because  the  number  of  kinks  is  lim¬ 
ited.  It  follows  that  the  densification  of  systems  with 
disordered  grain  boundaries  is  expected  to  be  much  eas¬ 
ier  than  that  of  systems  with  ordered  and  singular  grain 
boundaries.  When  the  addition  of  a  small  amount  of 
dopants  leads  to  the  changes  in  interface  atomic  struc¬ 
tures,  the  densification  during  solid-state  sintering  will 
be  enhanced  or  retarded. 

One  of  the  critical  evidences  demonstrating  the  role 
of  the  interface  structure  on  densification  can  be  found 
in  tungsten.  When  the  W  powder  compact  is  prepared 
with  a  very  small  amount  of  Ni,  for  instance,  nearly  full 
densification  is  achieved  quite  rapidly  even  at  tempera¬ 
tures  far  below  the  liquid  forming  temperature.  A  similar 
phenomenon  has  also  been  reported  in  Mo,  Ta  and  other 
refractory  metals  by  the  addition  of  Ni,  Co  or  Fe.  These 
are  generally  referred  to  as  activated  sintering.180,181 

For  the  activated  sintering  of  W  by  the  addition  of 
Ni,  Hwang  et  al.179  have  demonstrated  that  the  grains 
of  pure  W  exhibit  a  polyhedral  shape,  i.e.  atomically 
smooth  surface,  while  those  of  Ni-doped  show  a  spherical 
shape,  i.e.  atomically  rough  surface,  as  shown  in  Fig.  13. 
The  grain  boundaries  were  also  observed  to  be  faceted 
and  defaceted  in  pure  and  Ni  doped  specimens,  respec¬ 
tively.  Based  on  the  experimental  results,  they  proposed 
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FIG.  12:  Microstructures  of  the  AI2O3  specimens  containing 
lOOppm  CaO  and  lOOppm  SiC>2  sintered  at  1650  °C  for  8h: 
with  (a)  0,  (b)  100,  and  (c)  200ppm  MgO.163 


ary  structural  transition  as  a  function  of  the  oxygen  par¬ 
tial  pressure,172  they  monitored  the  difference  in  the  mi- 
crostructural  evolution  of  BaTi03  ceramics  as  a  function 
of  the  sintering  atmosphere,  and  demonstrated  that  both 
the  grain  growth  and  the  densification  behavior  depend 
critically  on  the  interface  atomic  structure.  These  exper¬ 
imental  evidences  clearly  suggest  that  the  mass  transport 
phenomena  along  grain  boundaries  are  closely  related  to 
the  structural  characteristics  of  grain  boundaries. 

V.  CONCLUDING  REMARKS  AND  FUTURE 
DIRECTIONS 

The  grain  growth  and  densification  process  during  sin¬ 
tering  were  discussed  in  relation  to  the  interface  atomic 
structure.  The  abnormal  grain  growth  of  angular  grains 
during  liquid-phase  sintering  of  ceramic  materials  was  ex¬ 
plained  by  considering  that  the  grains  having  atomically 
smooth  interfaces  grow  by  2-D  nucleation  mechanism. 
Based  on  the  fact  that  the  partially  wetted  surfaces  can 
grow  faster  than  the  fully  wetted  surfaces  in  2-D  nucle¬ 
ation  process,  the  development  of  the  anisotropic  abnor¬ 
mal  grains  was  explained.  It  was  proposed  that  the  effect 
of  additives,  which  retard  or  enhance  the  grain  growth 
kinetics,  can  be  approached  by  the  step  free  energy  con¬ 
cept.  However,  a  detailed  analysis  on  how  the  step  free 
energy  is  affected  by  the  additives  is  needed  in  future. 
On  the  other  hand,  it  was  shown  that  the  grain  boundary 
structure  plays  a  critical  role  during  solid  state  sintering 
because  the  pores  are  removed  by  the  diffusion  along  the 
grain  boundaries.  This  concept  was  applied  to  explain 
the  enhancement  in  densification  by  the  addition  of  a 
small  amount  of  dopants. 
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that  the  structural  transition  of  the  grain  boundaries  of 
W  by  Ni  is  the  main  cause  of  the  rapid  increase  in  the 
densification  rate.  Furthermore,  Lee  et  al.182  investigated 
the  temperature  dependence  of  the  grain  boundary  dif¬ 
fusion  in  Ni-doped  W,  and  found  that  the  diffusivity  in¬ 
creased  abruptly  at  above  ~  1100  °C.  These  results  were 
explained  in  relation  to  the  grain  boundary  roughening 
transition. 

It  is  believed  that  the  correlation  between  the  inter¬ 
face  atomic  structures  and  the  densification  process  will 
be  identical  in  metals  and  ceramics.  Recently,  Choi 
et  al.183  showed  the  dependence  of  densification  behav¬ 
iors  on  grain  boundary  structures  in  ceramic  systems. 
From  the  fact  that  BaTiOs  undergoes  a  grain  bound- 
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FIG.  13:  SEM  micrographs  of  the  fractured  surface  of  (a)  pure  W  and  (b)  0.4  wt%  Ni  doped  W  compacts  after  sintering  at 
1200 °C  for  20  min  in  hydrogen.1'9 
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